The occurrence of self-excited vibrations during machining is known as regenerative chatter, and this phenomenon can severely limit the machining productivity. By modifying and optimising the tool's pitch and helix geometry, this regenerative chatter can be suppressed to increase material removal rate. In this paper, experimental verification of an optimised variable helix and variable pitch tools is presented. The geometry was optimised using a Differential Evolution (DE) algorithm. Based on stability diagrams of original and optimised milling tools, the experiment was conducted and the results were compared when chatter occurred. The optimised cutter significantly outperformed the original cutter in term of chatter suppression.
Introduction
High productivity of metal cutting processes in the aerospace, mould/die and automotive industries is limited by the occurrence of regenerative chatter. Chatter also causes lower machining quality, poor accuracy and surface finish, unpleasant noise and sound, accelerated tool wear and breakage and even can damage the cutting spindle and machined part. Various approaches can be performed to avoid the above catastrophic problems, such as active or passive damping [1] [2] [3] [4] , process variation [5] [6] [7] [8] and variable pitch tools [9] [10] [11] .
Variable helix tools have been often disregarded by previous researchers for suppressing chatter. To the authors' knowledge, only Stone [12] and Turner et al. [13] considered variable helix milling tools in their studies. Sims et al. [14] modelled variable helix and variable pitch milling tools. However, Sims's model only predicted the chatter stability of variable helix and variable pitch cutter, and did not optimise the tool design for minimising chatter. Yusoff and Sims [15] optimised variable helix and variable pitch milling tool for chatter suppression. However, their optimised cutter by DE was not experimentally validated.
The objective of this paper is to demonstrate experimental validation of optimised variable helix and variable pitch milling tools based on Differential Evolution (DE) minimisation of self excited vibration or chatter as described in [15] . The focus of the current application is to suppress unwanted The present contribution will describe experimental work to demonstrate the performance improvements of the optimum tool. The paper is structured as follows. The optimisation and modelling procedure is first summarised for the sake of completeness. An experimental procedure is then described where a highly flexible workpiece is used to induce severe chatter instability, and an optimally designed variable helix tool is used to avoid chatter. Following a discussion of the results, some conclusions are drawn and suggestions for further work are made.
Optimisation of Variable Helix and Variable Pitch Tool Geometry
This section gives a brief overview of the chatter modelling and optimisation of variable helix and variable pitch milling tools. A more detailed account is given in references [14] and [15] .
Chatter stability modelling was implemented using SDM as proposed by Insperger [16] and implemented by Sims et al. [14] . This approach involves discretisation of the structural dynamics so that the time delay effect (that arises due to the tool rotation) can be represented as a discrete delay. This leads to an eigenvalue problem that defines the stability for a given set of cutting conditions.
In [15] , a DE optimisation procedure was combined with SDM to modify and optimise the variable helix/pitch tool geometry. Constraints of helix/pitch must be taken into account to ensure a realistic cutter geometry is produced for fabrication. This optimisation process is summarised schematically in Figure 1 . The present study will investigate the performance of such an optimised tool in machining experiments. 
Experimental Procedure
In Figure 2 , an experimental flexure is illustrated that was designed to behave with compliance in a single dominant mode of vibration. This was used for cutting experiments on a 5-axis CNC vertical milling machine, the Haas VF6. The flexure consists of a flexible steel base that was machined from a rectangular cross-section beam welded to a rigid steel bases and cutting specimen mounted on top as used by Huyanan & Sims [17] . A 50.0 x 50.8 x 25.5 mm 3 aluminium (7075-T6) cutting specimen was mounted on the flexure. It was to be down-milled at 10 percent radial immersion using a 16 mm diameter 3 flute end mill cutter. The tool was either of regular helix/pitch geometry, or optimised geometry using the procedure outlined in Section 2. To maintain static milling force magnitudes and to prevent large free vibration amplitude because of the interrupted cutting that was applied on the workpiece, a nominal chip thickness of 0.04 mm per tooth was used. A set of spindle speeds and axial depths of cut were tested to determine if the cutting was stable or unstable. At the end of each cutting test, it was necessary to perform a clean-up pass to ensure a sufficient free surface for a later test. During each cutting test, the flexure acceleration was measured the occurrence of chatter, using a piezoelectric accelerometer (PCB 352C68) connect to a DSPT Siglab 20-22A and laptop as shown in Figure 2 . To capture a periodic pulse signal matching the tool revolution, a hall-effect probe triggered by 2-equally space slots on the rotating tool holder was used. This allowed once per revolution samples (1/Rev) of the accelerometer signal for post-processing. Then, using 1/Rev acceleration samples and its cycle delay, two-dimensional Poincaré maps were constructed [18] . In addition, a Fast-Fourier Transform (FFT) method in Matlab was applied to the acceleration time samples to illustrate the displacement spectra, using a Hanning window to reduce signal leakage. The cutting tests were evaluated as either stable or unstable based on the 1/Rev samples and spectrum analysis. If 1/Rev samples approached a fixed point with a variance less 10 -3 and the FFTamplitude was dominated by tooth passing harmonics, the test was declared stable. Not clear or unstable cutting was indicated from the 1/Rev variant between 10 -3 to 10 -2 or cutting runout harmonics dominating the FFT-amplitude. Secondary hopf-bifurcations and period-doubling bifurcations were indicators of unstable cutting. Hopf-bifurcation instability was indicated by the unstable orbit on the 2-D Poincaré map and period-doubling bifurcation instability was specified from two fixed points of 1/Rev and 2-D Poincaré map.
Results
A variable helix and variable pitch milling cutter was first designed using the optimisation procedure described in Section 2. The corresponding three flute of regular cutter with uniform helix (30,30,30) and uniform pitch (120,120,120) is shown in Figure 3a ,c. Figure 3b,d shows the optimised cutter of variable helix (43,44,48) and variable pitch (84,221,55). Both cutters were used during machining to test chatter vibration behaviour under specific spindle speeds and depths of cut.
Figure 3. Tool geometry
Using SDM, the original cutter chatter stability was predicted and superimposed with experimental stability results at 10 percent radial immersion, as shown in Figure 4 . It can be clearly seen that there is an unstable area at high depth of cut, with critical depth of cut 0.3 mm, mostly at high spindle speed (2800-4000 r/min). There are three unstable regions with hopf-bifurcation and period-doubling bifurcation.
For the down-milling operation of the regular 3-flute end mill, the result indicates a good agreement between predicted stability and experiment, as shown in Figure 4 . Stable or chatter free cutting conditions were shown outside the boundary of unstable regions. The unstable behaviour were observed either by hopf-bifurcation or period-doubling which were located inside instability region, whilst not clearly stable condition happened around stability lobes. However, at high spindle speed, resonance occurred due to similarities of the chatter and spindle frequencies. It can be seen that the critical depth of cut for regular or original cutter was experimentally confirmed to be less than 0.3 mm. Figure 5 illustrates the effectiveness of modeling and optimisation algorithm for the variable helix and variable pitch cutter (Figure 3b ). The optimised cutter is predicted to totally suppress chatter at three unstable regions in the original cutter. The critical depth of cut increases 8 fold when compared with the original cutter. In simulation, the optimised cutter has the capability to cut the workpiece with 1800 to 4000 rev/min without facing any chatter vibrations. In Figure 5 , experimental work shows the stability results for the optimised cutter. In comparison to the original cutter, at least 5-fold increase in stable cutting with critical depth of cut of 0.8 mm to enhanced high material removal rate. On the other hand, not clearly stable cuttings were significantly observed at the critical depth of cut. The unstable period-doubling is observed at 3600 rpm and hopfbifurcation at other spindle speeds, but it can prevent resonance at high spindle speed.
The surface finish for regular cutter and optimised cutter is shown in Figure 6 . It has clearly seen the improvement when optimised variable helix and variable pitch compare with original cutter at 3400 rpm. The chatter mark on workpiece existed when machining at unstable condition of original cutter. a) Original cutter for line x b) optimised cutter for line y Figure 6 . Workpiece surface different between original cutter and optimised cutter at spindle speed 3400 rpm and depth of cut 0.4 to 0.8 mm (up to bottom)
Discussions
It can be seen that the experimental stability results have been accurately predicted by SDM algorithm. In Figure 3 , unstable Hopf-bifurcation and period-doubling instabilities were determined in theory which can be referred according to the chatter frequencies. These frequencies are lower than the flexure frequency, which related to cutting forces for each teeth beating workpiece. The resonance corresponds to chatter frequency and the tooth passing frequency located close to each other, where the tooth passing frequency beats the raising of chatter frequency.
The optimised variable helix and variable pitch cutter has clearly demonstrated experimentally as effective suppression of the chatter vibration of the workpiece during milling. The SDM prediction underestimates the experiment, however, better than variable pitch cutter prediction, as shown in Figure 5 . Additionally, low radial immersion cutting with variable pitch also create a new 1/Rev pattern from the inconsistency cutting force of each nonuniform cutters hitting the workpiece.
Conclusion
Practical implementation of an optimised cutter with variable helix and variable pitch has been shown to improve milling stability of a flexible workpiece. It has been indicated that for a uniform helix and uniform pitch (original cutter), the stability limit of the milling process was verified experimentally with a very good agreement with SDM simulation. Using an optimised variable helix and variable pitch, stability margin can be gained by at least a factor of 5 in suppressing chatter. Optimum material removal rate can be easily applied using current optimised cutter. In future work, the variable helix and variable pitch tool will be used for cutting at higher depths of cut to validate the modelling procedure in more detail. 
